. In ryxho25, an en-lacZ construct is expressed in the same pattern as direct regulation of neuroglian but is inconclusive for Connectin. These are the first such effector genes identithe endogenous engrailed gene, whereas in wxba21 expression is in the invected pattern. The two lines further fied in the nervous system of Drosophila and the most extensively characterized to date as neural regulatory have the fortuitous property that the ␤-gal is cytoplasmic, and the projections of expressing neurons can targets for Engrailed.
be traced considerable distances. for Engrailed/Invected (asterisks, Figure 1B) . The ␤-gal ( Figures 1D and 1F ). In particular, we found no evidence for ␤-gal-positive axons in the ISNs or SNs associated was weaker than in Engrailed/Invected-positive/␤-galpositive neurons, which, together with the lack of with the three Engrailed-positive ventral unpaired median (VUM) neurons (see Figure 4E ), and consistent with Engrailed/Invected label, suggests that engrailed had been expressed at an earlier stage, but downregulated, other evidence (Jia and Siegler, unpublished data) only the three Engrailed-negative VUM neurons are efferents. though the ␤-gal perdured (Hama et al., 1990). Cytoplasmic ␤-gal also occurred in Engrailed/Invected-posi-A single ␤-gal-positive axon in each hemisegment originated near the lateral pentascolopidial organ ("lch5", tive ML glia and in lateral glia at the roots of the segmental nerve (SN) and the intersegmental nerve (ISN) Figure 3E ) and could be traced into the anterior commissure (AC) (diagonal arrow, Figure 1F ). Anti-␤-gal labeling ("g" in Figures 1A, 1B, 1D, and 1F) . In wxba21, antiEngrailed/Invected and anti-␤-gal labeled all neurons of wxba21 gave essentially the same pattern (data not shown). and glia that were labeled in ryxho25, and in the same pattern ( Figure 1E ). In addition the NH neurons, which Further evidence that motor neurons do not express engrailed (or invected) was provided by labeling wildwere ␤-gal negative in ryxho25, were ␤-gal positive in wxba21, consistent with the idea that NH neurons extype embryos with antibodies that reveal identified neurons. The RP motor neurons, including RP3, are positive press invected only. Thus, with the exception of the NH neurons, all Engrailed/Invected-positive neurons and for Fasciclin III (FasIII), and the aCC and also the RP motor neurons label with mAb 22C10 in a well-defined glia express both engrailed and invected.
The pattern of ␤-gal in ryxho25 and wxba21 indicated pattern. None were Engrailed/Invected positive ( Figures  1G and 1H ). Labeling with 22C10 or with the other markthat the Engrailed/Invected neurons in the CNS are interneurons, extending axons in discrete bundles. In ers showed also that not all interneurons are Engrailed/ Invected positive, including, for example, the pCC and ryxho25, labeling occurred in a bundle of primary neurites that originate from the PL neurons (double arrow-SP1 interneurons (data not shown). Thus, the CNS neuronal expression of engrailed and invected is cell type heads, Figure 1D ), in at least one thick bundle of neurites that crosses within the posterior commissure (PC) (sinspecific, occurring only within a subset of interneurons but not in motor neurons. gle arrowheads, Figure 1D ), in the neurites of ML neurons, and in axons of three longitudinal tracts (unlabeled sets of arrows in Figures 1B, 1C, and 1D this idea, we used the GAL4/UAS system to generate thinner than normal, and the AC and PC were partly or ectopic neuronal expression of Engrailed (Brand and wholly fused. Perrimon, 1993). In the C155-GAL4 line, the GAL4 driver Antibodies that detect specific tracts, commissures, is fortuitously inserted under the control of the embryor subsets of neurons revealed additional defects. FasIII onic lethal abnormal visual system (elav) promoter (Lin is expressed on a few axon bundles and conspicuously and Goodman, 1994). ELAV is a neuron-specific protein, on the RP3 motor neurons ( tive longitudinal fascicles were severely disrupted. The Differences between control and experimental em-MP1 pathway was thinner than normal, the lateral fascibryos were apparent by late stage 13. In controls, the cle appeared only in some hemisegments, and the FN3 incipient AC and PC were separated at the lateral exfascicle was missing (data not shown). tremes of the single ML commissure (Figure 2A ). In exAnother striking result was abnormal development of perimental embryos of the same stage, there was little neuromuscular junctions (NMJs). In stage 16 controls, evidence for separation between the incipient AC and robust motor neuron growth cones occurred in virtually PC ( Figure 2B ). In mid stage 16 control embryos, the all abdominal segments, as seen in the region of body normal CNS scaffold and the SNs and ISNs were well wall muscles 6, 7, and 13 (M6, M7, and M13) (Figures developed (Figures 2C and 2E ), but in experimentals the 3A and 3C). By contrast, in experimentals, motor neuron CNS was narrower from side to side ( Figure 2D ) but growth cones occurred in only a fraction of hemisegthicker in the dorsoventral dimension. The SNs and ISNs ments examined. In embryos raised for 16 hr at 25ЊC, were missing or reduced in over half the neuromeres M6 and M7 were innervated in 100% of control hemisegexamined and exited the CNS at aberrant locations (Figures 2D and 2F ). The intersegmental connectives were ments (n ϭ 36) and 76% of experimental hemisegments (n ϭ 34). M13 was innervated in 94% of control hemisegas C155-GAL4/UAS-en embryos. Two molecules, Connectin and Neuroglian, were altered in expression in a ments (n ϭ 35) but only 28% of experimental hemisegments (n ϭ 32). The phenotype was more severe in way that suggested negative regulation by Engrailed. embryos raised for 10 hr at 29ЊC. M6 and M7 were innervated in 100% of control hemisegments (n ϭ 15)
Connectin Expression Is Negatively Regulated by Engrailed but only in 29% of experimental hemisegments (n ϭ 14).
M13 was innervated in 100% of control hemisegments
Although Connectin was once considered to act via repulsive cell-cell interactions, it is now thought to func-(n ϭ 15) but 0% of experimental hemisegments (n ϭ Figure 4A ). Connectin is in controls. In embryos raised for 14 hr at 25ЊC, growth cones in experimentals were 53% the size of those in also expressed in VUM neurons (Meadows et al., 1994) , which have been thought to be exclusively efferent neucontrols for M6/M7 and 47% the size of those in controls for M13. In embryos raised for 10 hr at 29ЊC, growth rons. Three of the six VUM neurons per neuromere were strongly Connectin positive but were also Engrailed negcones in experimentals were 32% the size of those in controls for M6/M7, and M13 had no growth cones. In ative ( Figures 4B and 4C ). These, we suggest, are the efferent members of the VUM population. The three rehemisegments that lacked M6, M7, and M13 growth cones, the motor neurons were present but had not maining VUMs, which are Engrailed positive, had no or negligible Connectin expression. ryxho25 labeling shows exited the CNS. Sensory neurons were also disturbed. In controls, prothat no Engrailed-positive neurons exit the CNS, and thus we conclude that these three VUMs are incesses of sensory neurons traveled inward in the ISN or the SN to terminate within the CNS (Figures 3E and terneurons. The neuronal pattern of expression, with Engrailed-3G). In experimentals, a full complement of sensory neurons was present, but the nerves and central fascicles positive/Connectin-negative neurons and Connectinpositive/Engrailed-negative neurons, was consistent containing their processes were disorganized. Peripheral nerves were "frayed," or the connections between with a negative regulation of Connectin by Engrailed.
Results from mutant phenotypes supported this. In afferent and efferent fibers were lacking altogether (Figures 3F and 3H) . This affected the morphology of the C155-GAL4/UAS-en embryos compared with controls, Connectin expression was greatly reduced or virtually CNS as well as the PNS, inasmuch as sensory axons contribute to certain conspicuous fascicles in the CNS. lacking within the CNS scaffold and the VUM neurons ( Figures 5A and 5B ). The scaffold was most severely The morphological defects that occurred when the Engrailed pattern was disturbed were consistent with disturbed in the embryos that also had the lowest levels of Connectin. Since the defects variably included fused an incorrect regulation of cell adhesion molecules. We therefore screened to identify potential Engrailed targets commissures, and thicker or thinner longitudinal connectives, we suspect that the interneurons were still and examined en C and en E deficiency embryos as well Figure 5D ).
Unlike the effects on interneuronal expression, ConThese data from normal and mutant embryos suggest that Engrailed (and Invected) acts as a negative regulanectin expression in the SNa and SNc lateral motor neurons was somewhat stronger than normal both in C155 tor of Connectin expression. To explore this idea further, we examined two additional experimental conditions. experimentals and in deficiency mutants (upward arrows, Figures 5A-5D ). Since the change was in the same direcOne concern we had was that lower levels of interneuronal Connectin expression in stage 16 experimental emtion whether Engrailed was overexpressed or absent, it is possible that the effects were a nonspecific consebryos might result indirectly from the generally disturbed growth and form of the CNS. We therefore examined quence of the failure of normal NMJ formation, as Connectin expression normally decreases in motor neurons hs-en3 embryos, where engrailed is expressed under 
the control of a heat shock promoter (Poole and KornNeuroglian Expression Is Negatively Regulated berg, 1988). Embryos developed normally until stages by Engrailed 15 or 16 and then were heat shocked. Controls had a Neuroglian is a member of the immunoglobulin supernormal pattern of Engrailed expression, whereas heatfamily and is closely related to the mouse adhesion shocked embryos expressed Engrailed ubiquitously molecule L1 (Bieber et al., 1989). Neuroglian has two (data not shown). In heat-shocked embryos, Connectin isoforms. One is expressed exclusively in the nervous expression was reduced in the CNS and in the subset system and is revealed by mAb BP104, used here. The of muscles that normally are Connectin positive (Figures neuron-specific isoform is expressed in all sensory neu-6A and 6B). Connectin expression was also reduced in rons, and in the CNS most conspicuously in axons of SNa and SNc motor neurons, consistent with the idea motor neurons (Hortsch et al., 1990). Neurons with conthat downregulation in the motor neurons fails in experi-
spicuous Neuroglian levels, for example the RP motor mentals, and in en C and en E , because of failure of NMJ neurons, did not express Engrailed ( Figure 4D ), whereas formation. NMJ formation will have proceeded normally the Engrailed-expressing VUM neurons lacked Neuroin the hs-en3 embryos prior to the heat shock experiglian expression ( Figure 4E ). In the region of other Enmental treatment.
grailed/Invected interneurons at the posterior of each We also tested whether downregulation of Connectin neuromere, Neuroglian expression was virtually absent. expression could be driven in tissue such as muscle We could not tell whether Neuroglian expression was where Engrailed is not normally expressed. Such an lacking altogether or present at a very low level in any outcome would be consistent with CNS changes being single neuron we inspected because of the diffuse naautonomous effects of Engrailed rather than resulting ture of Neuroglian expression (Hall and Bieber, 1997). from nonspecific CNS developmental disturbances.
Also, as observed for Connectin, however, the normal Connectin is expressed in a subset of body wall muscles pattern of expression predicted a negative regulatory innervated by the SNa and SNc motor neurons (Nose role for Engrailed. et al., 1992). Instead of the C155-GAL4 driver used in
In C155 experimentals, Neuroglian expression (BP104) other experiments, we crossed the 24B-GAL4 driver was greatly reduced in the PNS compared to controls strain, which is expressed in all embryonic muscles ( Figures 3G and 3H) . This was not a result of the disorga-(Brand and Perrimon, 1993), with UAS-en. In control nization of the PNS, and by contrast 22C10 immunolaembryos of the cross, Connectin was expressed in a beling was of similar intensity in experimentals and connormal pattern in muscle and CNS ( Figure 6C ). In experitrols ( Figures 3E and 3F ). Motor axons also had reduced mental embryos of the 24B-GAL4/UAS-en phenotype, Neuroglian expression compared with controls ( Figures  Connectin expression was completely lacking in the nor-3C and 3D ). In experimentals, Neuroglian expression mal complement of muscles but was normal in the CNS was also greatly reduced within the CNS and in the ( Figure 6D The Engrailed overexpression phenotype was more seor as an activator (Serrano and Maschat, 1998) , it is vere, however. Motor neurons additionally had colpossible that ectopic Engrailed directly activated Conlapsed growth cones in the periphery, or axons that had nectin in the motor neurons. In en C and en E , Connectin grown posteriorly in the CNS instead of to the periphery. was also expressed at normal or above normal levels Axon bundles from sensory organs were also reduced in the SNa and SNc motor neurons, but because Enin the PNS and sometimes failed to reach the CNS. grailed is not normally expressed in the motor neurons Engrailed overexpression must therefore affect the exanyway, this result is not informative. Some possible pression of target molecules in addition to Neuroglian explanations for the inconsistent effects on motor neuto yield the PNS and NMJ phenotypes. Connectin misexrons are a nonspecific result of failure of NMJ regulation, pression cannot be responsible since, for example, it or the lack of a cofactor or a regulatory gene that is is not expressed in the motor neurons that innervate present in all interneurons but lacking in motor neurons muscles 6, 7, and 13, either in wild-type or in Engrailed and required directly or indirectly for normal Engrailed overexpression embryos. Nonetheless, pathfinding and function. The Connectin locus was identified first as a growth cone elaboration were greatly disturbed in these direct binding site for Ultrabithorax (Gould et al., 1990) . motor neurons. Connectin misexpression also is not Ultrabithorax represses Connectin expression in the emcontributing to the sensory neuron phenotype, since it bryonic CNS, and Ultrabithorax is suggested from geis not expressed in the sensory neurons. In neuroglian netic interactions to be a negative target for Engrailed mutants, no significant defects are found in commis- (Mann, 1994 , 1990) . A change at two sion molecules in the CNS and PNS and thus constitutes levels, one in the balance of cross-regulatory interacan important determinant of neuronal shape and, pertions between engrailed and other regulatory genes and haps, connectivity. In the interactions we report, Enanother as a direct effect on genes encoding additional grailed acts as a negative regulator of two cell adhesion "effector" molecules, could explain the marked effects molecules, but we must assume that other cell adhesion of perturbing engrailed expression. Engrailed likely has molecules and guidance molecules, as yet unspecified, additional targets among "effector" genes, and other are normally expressed in the Engrailed-positive inregulatory or "selector" genes in the genetic network terneurons and there mediate pathfinding. We imagine will themselves have their own complement of "effector" that unique combinations of such molecules are setargets. The approach we have used here may be generlected through positive and negative regulation by Enally useful in identifying such targets among the wealth grailed and other selector genes, in different subsets of of "effector" genes already identified in Drosophila. If identified interneurons and motor neurons, the combinaengrailed and other regulatory genes are shown each to tions giving each neuronal subset its own pathfinding have a unique but overlapping complement of "effector" "signature." The present results show that Engrailed has targets, then we will be some way toward understanding a role in postmitotic neuronal differentiation. Engrailed how genetic combinatorial codes are executed. It will expression continues throughout the adult stage in the be of considerable importance to discover how these CNS of grasshopper (Siegler and Pankhaniya, 1997) and interactions have been tailored to the unique demands as late as pharate adult in Drosophila (unpublished data), of the nervous system. suggesting that Engrailed is involved not only in the Experimental Procedures differentiation but also in the maintenance of distinct neuronal phenotypes.
Fly Strains and Experimental Preparations
Engrailed expression was altered only in postmitotic Virgin females of the C155-GAL4 line were crossed to males of the neurons in the overexpression phenotype, and no con- in our experiments. However, our results do not preclude
